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• Locking points obtained from Marshall and Superpave gyratory compaction were correlated. 
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This study investigates possibility of utilizing an accelerometer to evaluate compactability of hot mix 
asphalt compacted with an impact hammer. For over 50 years Marshall Asphalt Mix Design has been 
the principal choice for the asphalt mix designers around the world. Although the United States has 
almost entirely moved to Superpave Mix Design, the rest of the world nations still choose the Marshall 
Method. The investigation was conducted with the accelerometer placed on the falling mass of the 
Marshall Hammer and acceleration data was stored and analyzed. Data obtained from the accelerometer 
was filtered and the asphalt mix response after each blow was analyzed. Results from the study showed 
that during impact compaction, a so-called locking point exists. This point is defined as the first blow 
when the peak acceleration and the impact time become stable. When this point is reached, further com¬ 
paction has a noticeably lower effect on decreasing air void content. A Superpave Gyratory Compactor 
was used to confirm the results obtained with the impact hammer, and a correlation was established. 

© 2018 Elsevier Ltd. All rights reserved. 


1. Introduction 

Compaction is an important part of the asphalt pavement life. 
Regardless of the asphalt mix design method, it is a process that 
uses weight of the rollers to decrease the volume of asphalt mix 
mass to the required density in relation to the maximum density. 
During compaction, aggregates are brought together creating 
skeleton that provides resistance to deformations and at the same 
time limits permeability by reducing air void content that prolongs 
the life of the pavement. Inadequate compaction can lead to pre¬ 
mature damage in the asphalt course and in the underlying layers. 

The compaction process can be affected by many factors such as 
asphalt cement and aggregates properties, mix type, compaction 
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temperature, lift thickness, base course properties and environ¬ 
mental conditions. Asphalt cement properties change with temper¬ 
ature, which means that there is a specific range where viscosity 
permits adequate compaction by providing lubrication between 
particles during the compaction process. Low temperature pre¬ 
vents aggregate particles from moving, and the required density 
is not possible to achieve. 

Another key factor of successful compaction is mix design. The 
history of asphalt mix design dates to the beginning of the twenti¬ 
eth century when pioneers that worked with asphalt, based on 
their previous experiences, realized the importance of adequate 
dosage of mix components. Asphalt mix design is the process of 
determining the optimum proportions of asphalt cement, coarse 
aggregates, and fine aggregates, that permits creating well¬ 
performing and long-lasting pavements [1 . 

The first method to determine optimum binder content in the 
asphalt mixture was the pat test, which was highly imprecise as 
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it was based on visual appraisement, but for the earliest asphalt 
mix designers, it permitted high advancement in quality and 
performance [2]. Around the same time, the bitulithic pavement 
was developed and patented by Federick Warren. This mix incor¬ 
porated large stones up to three inches, allowing lower asphalt 
cement consumption and a lower price [3 . 

The threshold for development of asphalt industry was Bruce 
Marshall’s invention of a new design method. For over 50 years, 
Marshall Asphalt Mix Designs dominated the United States and 
the world paving industry. Internationally, the Marshall method 
is still the principal choice for designers. Two generations of engi¬ 
neers, specialists and experts utilized this design method without 
profound understanding of the impact compaction process. 

The Superpave mix design method brought new challenges and 
opportunities to the compaction process. Superpave is permitting 
better understanding of the compaction process by introducing 
the Superpave Gyratory Compactor (SGC), which allows monitor¬ 
ing the specimen height after each gyration and provides better 
simulation of compaction than previous compactors [1 . Therefore, 
a reasonable compaction effort for mix design can be determined 
so that over-compaction can be avoided. For the impact hammer 
compaction, there is no method available to characterize and 
analyze the behavior of an asphalt mixture during compaction. 


2. Literature review 

In the last 30 years, there were attempts to utilize accelerome¬ 
ters to calibrate the Marshall Flammer, but due to the high level of 
noise in the signal from the accelerometer, it was not possible to 
evaluate the data and calibrate the hammer. Siddiqui et al. 1988 

[4] conducted research to determine the possibility of using 
accelerometers to calibrate the Marshall Hammer. Their objective 
was to eliminate error in the results when different hammers are 
used. The analysis of the acceleration data indicated that there 
was limited variability between each blow, and from the measure¬ 
ments, only blow strength increased. The structural ringing made it 
impossible to analyze the impact of the hammer. The filter applied 
to the signal can reduce ringing but also alter the signal. Cassidy 
et al. 1994 [5 made a similar attempt to calibrate the Marshall 
hammer using an accelerometer, load cell and LVDT. Similarly, like 
Siddiqui et al. 1988 [4 , they encountered strong structural ringing 
and decided to utilize only the data from the load cell and LVDT. 
Except for the work cited above, there has been little effort to 
describe the compaction process of the asphalt mixtures when 
an impact hammer is used, due to equipment limitation and work 
scope. The work of Siddiqui et al. 1988 4] and Cassidy et al. 1994 

[5] was focused on finding a calibration method for the Marshall 


hammer, not on describing compaction properties of asphalt 
mixtures. 

Another approach for utilizing accelerometers was the develop¬ 
ment of a Clegg Impact Tester. In this approach, at the initial stage 
of research a standard Proctor-type hammer was equipped with an 
accelerometer and utilized to measure deceleration of the falling 
hammer mass. The Clegg Tester can be used to determine hardness 
of compacted soil and the results can be correlated with a CBR 
value. The standard procedure consists of dropping a hammer four 
times in the same place and identifying the highest deceleration 
value. A higher value of the peak deceleration indicates stiffer 
material. Currently, the Clegg hammer is not limited to standard 
Proctor-type hammer. There are several models with different 
hammer weights. The weight of the hammer is based on the type 
of soil to be tested. The Clegg Impact Tester provides basic strength 
values at a relatively small cost and requires low technical abilities 
[6-9]. 

The success of the Clegg Hammer can be attributed to direct 
contact between the falling mass of the Proctor hammer and the 
soil during impact. The construction of the Marshall Hammer does 
not allow direct contact between a falling mass and the asphalt 
mix because the falling mass hits a metal head before the metal 
head hits asphalt mix. This impact between the two metal parts 
of the Marshall Hammer produces structural ringing (noise) that 
is difficult to eliminate. 

One key achievement of the Strategic Highway Research 
Program (SHRP) was the introduction of the Superpave Gyratory 
Compactor (SGC). The SGC improves our understanding of the 
compaction process: the new compactor allows us to monitor 
the specimen height after each gyration and provides better 
simulation of compaction than previous compactors. Since the 
introduction of the gyratory compactor, various researchers have 
attempted to use a densification curve, which is obtained from 
specimen height change, to determine compactability of the 
asphalt mix. Bahia et al. 1998 [10] introduced the concept of the 
Construction Densification Index (CDI) and the Transportation 
Densification Index (TDI). The CDI is the area under the SGC densi¬ 
fication curve from 88%G mm to 92%G mm , where G mm is defined as 
theoretical maximum specific gravity of the asphalt mix. The TDI 
is the area under the SGC densification curve from 92%G mm to 
98%G mm . It is desirable that an asphalt mix possess a low value 
of the CDI, because it represents low effort required in the 
compaction process. The CDI is meant to represent the energy that 
is used by a roller during compaction to achieve required com¬ 
paction. Fig. 1 presents the densification curve, the CDI and the TDI. 

Anderson et al. 2002 [11] introduced a slope of densification 
curve to describe compactability. The compaction slope can 
indicate the shear resistance of the aggregates structure in the 



Fig. 1 . Determination of the CDI and the TDI from a densification curve. 
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asphalt mix. Higher slope means higher resistance to compaction. 
Mallick 1999 [12] indicated that it is commonly accepted and 
required by most agencies that the target compaction of an asphalt 
lift in the field should reach minimum 8% of air voids. The value of 
required air voids can be taken as a borderline between expecta¬ 
tions regarding compactibility of the asphalt mix. It is desired for 
the mix to compact easily until it reaches 92%G mm and that it 
should become hard to compact when it exceeds 92%G mm . In the 
first case, it is desirable by contractors to have a mix that does 
not require high compaction effort. In the second case, after the 
mix reaches 8% of air voids, it should be hard to compact as it per¬ 
mits higher resistance to the traffic and a longer period of service. 

The most common concept that is used to evaluate com- 
pactability of the asphalt mix is a gyratory locking point. This con¬ 
cept is based on change of the specimen height during the gyratory 
compaction. Originally, the gyratory locking point was proposed by 
William J. Pine while working with the Illinois Department of 
Transportation [13]. The gyratory locking point defines a threshold 
on the densification curve beyond which the mix structure starts to 
resist further compaction and aggregates can be fractured. Differ¬ 
ent mixtures lock up at different number of gyrations and at differ¬ 
ent air void contents. There are many definitions of the gyratory 
locking point by different researchers and agencies. Mohammad 
and Shamsi 2007 [14] reported that Alabama Department of Trans¬ 
portation defined the locking point “as the point where the sample 
being gyrated loses less than 0.1 mm in height between successive 
gyrations”. Georgia DOT defined the locking point “as the number 
of gyrations at which, in the first occurrence, the same height has 
been recorded for the third time”. Louisiana Transportation 
Research Center (LTRC) denotes “the number of gyrations after 
which the rate of change in height is equal to or less than 
0.05 mm for three consecutive gyrations” as the locking point. In 
this study, the locking point was defined as the first gyration 
in the first set of three gyrations at the same height preceded by 
two sets of two gyrations at the same height. It is the most widely 
accepted definition presented by Vavrik and Carpenter 1998 [15 . 

3. Objective and scope 

Since the Marshall method is still the principal choice for 
engineers around the world, the objectives of this study are 1) to 
develop a method to characterize the compaction behavior of 
asphalt mixtures using Marshall Hammer compaction; and 2) to 
evaluate compactibility of the different asphalt mixtures used in 
Tennessee. A shock accelerometer was used to determine 
responses of the HMA at different stages of compaction. Two types 
of asphalt binders (a PG64-22 non-modified binder and a PG76-22 
modified binder), two different gradations (D (W) and BM-2 
(1%”)), mixes with virgin asphalt, and mixes with reclaimed 
asphalt pavement (RAP) and with reclaimed asphalt shingles 
(RAS) were considered. 

4. Laboratory experiments 

4.2. Materials 

A total of eight HMAs were utilized in this study. The material 
was collected from asphalt plants in different regions of the State 
of Tennessee. Two asphalt binders (PG64-22 and PG76-22), two 
types of gradation (W and 1 V"), virgin asphalt, RAP and RAS were 
selected. The asphalt mix design was elaborated by contractors and 
accepted by the Tennessee Department of Transportation (TDOT). 
All aggregates and asphalt cement properties met the 
specifications of TDOT [16]. A summary of aggregate types and 
compaction temperatures is presented in Table 1. 


Table 1 

The summary of aggregate types and compaction temperatures. 


No. 

Mix Type 

PG 

Material 

Compaction 

Temperature 

1 

411 D 

64-22 

Granite D-Rock 

Soft Limestone 

Natural Sand 

Baghouse Fines 

280°F 

2 

411 D 

76-22 

Hard Limestone #7 

Slag 

Hard Limestone #10 
Soft Limestone #10 
Natural Sand 

RAP Yi 

265°F 

3 

307 BM-2 

76-22 

Soft Limestone #57 

Soft Limestone #7 

Soft Limestone #10 

RAP 1/2 

305°F 

4 

411 D 

76-22 

Gravel 

Soft Limestone #10 
Natural Sand 

295°F 

5 

307 BM-2 

64-22 

Soft Limestone BM-2 
Soft Limestone #7 
Natural Sand 

RAP 3 / 4 

ras y Q 

270°F 

6 

411 D 

64-22 

Gravel 

Soft Limestone 

Natural Sand 

290°F 

7 

307 BM-2 

76-22 

Gravel BM-2 Rock 

Soft Limestone #57 
Natural Sand 

Soft Limestone #10 

RAP Yi 

RAP 5/16 

290°F 

8 

411 D 

76-22 

Gravel 

Soft Limestone 

Natural Sand 

RAP Yi 

RAP 5/16 

315°F 


4.2. Equipment 

The compaction of asphalt mix specimens was performed with 
a Humboldt Marshall Mechanical Compactor and 4" molds. The 
data were acquired with a National Instrument data acquisition 
system with a sampling rate of 10,000 Hz. 

A PCB Piezotronics 5000 g accelerometer was installed on the 
compaction hammer. A Pine Instrument Company AFGC125X 
Superpave Gyratory Compactor was used to compact 150 mm 
diameter samples that work as the reference for data obtained 
during the impact hammer compacting process. 

4.3. Test procedure 

The Marshall mix design method was used to design the mix¬ 
tures utilized for this study. The design process was conducted 
by contractors and approved by TDOT. Mixes were produced in 
eight different asphalt plants, accepted and collected by TDOT staff, 
and delivered to the research laboratory. 

Once asphalt mixtures were delivered to the laboratory, the 
testing process has started. First, the theoretical maximum specific 
gravity (Gmm) was determined following the AASHTO T 209 
specification [17 . Next, asphalt mixtures were reheated for two 
hours to a temperature that permits air void content at 4% after 
completing 150 blows (75 blows to each side) with an impact ham¬ 
mer. A standard sample weight of 1230 g was used. HMAs were 
compacted utilizing the 10-lb. Marshall hammer and 75 blows to 
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Fig. 2. An accelerometer installed on the impact hammer. 

each side with the accelerometer placed on the hammer in the ver¬ 
tical direction of hammer drop (Fig. 2). 

The accelerometer was then connected to the National Instru¬ 
ment data acquisition system with a coaxial cable. A LabVIEW Sys¬ 
tem Design Software was used to receive and store the acceleration 
data. Once the compaction process was concluded, bulk specific 
gravity (Gmb) was determined by AASHTO T 166 [18]. Data 
obtained from the accelerometer were later filtered with five 
points moving average, and the response from the mix after each 
blow was plotted in the time domain, analyzed, and compared to 
data obtained from Superpave Gyratory Compactor (SGC) densifi- 
cation curve. 

The analysis of the accelerometer data exhibited the existence 
of a point similar to the SGC locking point: when crossing this 
point the HMA resists further compaction. In this study, the impact 
locking point was defined as the number of blows that after which 
the response of the mix sent to the accelerometer becomes stable 
with change neither in peak acceleration nor impact time. 

5. Results and discussion 

5.2. Impact hammer locking point 

In the light of the studies mentioned in the Literature Review, 
the authors of this study used acceleration data in the time domain 
after each of the 150 blows to identify patterns that can allow 
determination of the impact locking point. The idea of the locking 


point is based on the assumption that during the compaction pro¬ 
cess, the skeleton of the asphalt mix is gradually developed until 
the point where course aggregates interlock and resist further 
compaction. In this research, the impact locking point is defined 
as the number of hammer blows at which the acceleration-time 
history curve stops fluctuating and values of the peak acceleration 
and impact duration become stable. Fig. 3 presents a typical exam¬ 
ple of the different stages in the compaction process obtained from 
the acceleration data. The initial stage (Fig. 3a) is characterized by a 
relatively long impact duration, a low acceleration peak and the 
existence of more than one peak. As the density of the asphalt mix¬ 
ture increases, the stiffness also increases, causing changes in the 
acceleration response. During the middle compaction stage, the 
impact duration becomes shorter, peak acceleration increases 
and multiple acceleration peaks evolve in to just one peak 
(Fig. 3b). In this study, the final compaction stage (Fig. 3c) is taken 
as the impact locking point. When the asphalt mixture reaches this 
stage, the peak acceleration and impact duration become stable, 
which means there in no further significant increase in 
compaction. 

The analysis described above was conducted for all eight mix¬ 
tures (two samples for each mixture). The three compaction stages 
were determined for seven of them. 

One mix (No. 3) reached the second compaction stage after 150 
blows, so no impact locking point could be determined. The locking 
point was marked as >150. For the seven mixes that reached the 
final compaction stage, the locking point ranged from 108 to 146 
blows. The summary of locking points is presented in fable 2. 

In fable 2, it can be observed that for two different samples of 
the same asphalt mixture, the results are varying between one 
and four blows, which can suggest that the results may be repeat- 
able. Flowever further study should be performed to confirm. 

Fig. 4 presents an example of data analysis and interpretation, 
in this case, for mixture No. 2, Sample 1. This asphalt mixture sam¬ 
ple was evaluated to have the lowest locking point of 106 blows. 
From Fig. 4, the three compaction stages described above can be 
identified. The initial stage ranges from blow 1 to blow 30 and is 
characterized by two acceleration peaks. In this stage, the peak 
acceleration ranged from 250 g to 350 g, and the impact duration 
decreased from the initial 50 ms to 20 ms. The second stage began 
with the 30th blow and lasted until the 106th blow. In this stage, 
the acceleration peak increased from 350 g to 550 g, and the 
impact duration decreased from 20 ms to 15 ms. After the final 
stage was reached, the acceleration peak was maintained at the 
same level of 550 g and impact duration of 15 ms until the last 
(150th) blow. 




Fig. 3. Typical shapes of the response plots in different compaction stages: (a) initial, (b) middle, (c) at impact locking point. 




















P. Polaczyk et al./Construction and Building Materials 187 (2018) 131-137 


135 


Table 2 

The summary of the impact locking points. 


Mix No. 


1 

2 

3 

4 

5 

6 

7 

8 

Locking Point (blows) 

Sample 1 

144 

106 

>150 

112 

112 

145 

117 

142 


Sample 2 

146 

110 

>150 

113 

111 

147 

116 

140 


Average 

145 

108 

>150 

113 

112 

146 

117 

141 
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Fig. 4. Example of data obtained from accelerometer. Mixture 2, Sample 1. 


The locking point describes the point during compaction pro¬ 
cess that is a boundary between easy and difficult compaction. In 
this study, the impact locking point is defined as a point when 
the response from the accelerometer becomes stable. It is assumed 
that when the response becomes stable there will be no further 
major changes in the stiffness of the asphalt mix, which implies 
that there will be no major changes in density or air voids. 


To validate this line of reasoning, specimens were compacted at 
various numbers of hammer blows. The first set of samples was 
compacted with the 150 standard blows to reach 4% air voids. 
The second set of samples was compacted with the number of 
blows defined previously as the locking point. 

The expectation was that the air void content in these two sets 
would be similar. The last set of samples was compacted at 15 



□ 150 blows 


0 Blows at 
Locking 
Point 


□ 15 blows 
below 
Locking 
Point 


Fig. 5. Comparison of air voids at 150 blows, at the locking point, and 15 blows below the locking point. 
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blows below the impact locking point. The expectation was that air 
voids content would be higher than in two previous sets. The sum¬ 
mary of the validation samples is shown in Fig. 5. Mixture 3 is not 
included in the summary because the impact locking point for this 
mix was not defined in the range of the 150 blows. As presented in 
Fig. 5, once the locking point was achieved, further compaction 
caused minimal change in air voids for all tested mixtures. On 
average, the air void content was 0.19% higher at the locking point 
than at 150th blow. The average difference between air voids at the 
150th blow and 15 blows below locking point was 1.2%. From the 
air void data, it can be concluded that the locking point found with 
the accelerometer is in fact the point where the asphalt mix chan¬ 
ged compaction properties and became more difficult to compact. 

5.2. Validation by Superpave Gyratory Compactor 

Since the concept of locking point was developed for gyratory 
compactor, in this study, this idea was used to compare the results 
obtained with the impact hammer and the accelerometer. The pur¬ 
pose of this comparison was to evaluate if there is relation between 
gyratory and impact locking point. Specimens for all eight mixtures 
(two samples per mix) were compacted using the Pine Instrument 
Company AFGC125X Superpave Gyratory Compactor (SGC), 
150 mm molds, and the same temperatures as previously used 
with the impact hammer. After the specimens cooled, the bulk 
specific gravity was determined by AASHTO T 166. Next, utilizing 
the theoretical-maximum specific gravity and specimen height 
change data obtained during compaction from the superpave gyra¬ 
tory compactor, densification curves were plotted and the gyratory 
locking point was determined for each mix utilizing 2-2-3 method. 
The summary of the gyratory locking point is presented in fable 3. 

Locking points that were obtained with the SGC have similar 
trend as the locking points obtained from the impact hammer and 
the accelerometer. The highest value of 83 gyrations obtained with 
Mixture 3 also has the highest value of impact locking point, defined 
as >150 blows. Similarly, Mixture 2 has the lowest gyratory locking 


Table 3 

Comparison of the impact hammer locking point and the gyratory locking Point. 


Mix No. 

Impact Locking 

Point (blows) 

Gyratory Locking Point 
2-2-3 (gyrations) 

1 

145 

76 

2 

108 

51 

3 

>150 

83 

4 

113 

56 

5 

112 

53 

6 

146 

74 

7 

117 

56 

8 

141 

73 


^ 80 
fl __ 

.2 75 
ts 

& 70 


100 


y = 0.6402x - 18.407 

R 2 = 0.97 


110 120 130 

Impact Locking Point (blows) 


140 


150 


Fig. 6. Relationship between Gyratory and Impact Locking Point. 


point of 51 gyrations and the lowest impact locking point of 108 
blows. 

Fig. 6 presents relationship between the locking point results 
acquired with the gyratory compactor and the impact hammer. 
The coefficient of determination (R2) for the set of data obtained 
is 0.97. It can be concluded that there exists a correlation between 
the locking points from the different methods of compaction 
included in this research. 

6. Summary 

In this study, eight different asphalt mixes from different 
regions of Tennessee State were analyzed with the objectives to 
(1) develop a method to characterize the compaction behavior of 
asphalt mixtures using Impact Hammer compaction and (2) evalu¬ 
ate the compactibility of the different asphalt mixtures used in 
Tennessee. An accelerometer was used to acquire changes in accel¬ 
eration data during the compaction process. In the last 30 years, 
there have been only a few attempts to use accelerometers to cal¬ 
ibrate the Marshall impact hammer, all without success. 

To achieve the objectives the accelerometer was placed on the 
falling mass of the Marshall Hammer. Obtained data were filtered 
with the five-points moving average. The response of the HMA 
after each blow was analyzed, and it was determined that different 
stages in the compaction process can be established based on 
changes in the peak acceleration and the impact time. It was found 
that for the impact hammer compaction method, there exists a 
locking point defined as the first of blow when the peak accelera¬ 
tion and the impact time become stable. When this point is 
reached, further compaction is considerably less effective in reduc¬ 
ing air void content. For each of the mixtures, the impact locking 
point was established and the range was from 108 to 146 blows. 
One mixture did not reach locking point during 150 blows; the 
locking point for this mix was marked as >150. Once the values 
of the locking point were established, the verification process 
included a comparison of air void contents during different com¬ 
paction stages: 15 blows before the locking point is reached, at 
the locking point and after the final compaction at 150 blows. 
The results confirmed that after exceeding the locking point, the 
asphalt mix becomes harder to compact as the air void content 
decreases at a lower rate than before reaching the locking point. 
Next, the Superpave Gyratory Compactor was used to compact 
specimens at the same temperatures as was done for the impact 
hammer. The results acquired from the SGC confirmed the impact 
hammer results, and a correlation could be established with the 
coefficient of determination of 0.97. 

7. Conclusions 

Laboratory experiments were conducted to determine com- 
pactability of the HMA utilizing the impact hammer and the 
accelerometer. Based on the results the following conclusions can 
be drawn: 

• The accelerometer can determine different stages in the com¬ 
paction process. The response received from the asphalt mix 
via the accelerometer is similar for different samples of the 
same asphalt mix, which confirms repeatability of this method. 

• The locking point for HMA can be determined as the point 
where the acceleration and the response time become stable. 
For seven out of the eight evaluated mixes the locking point 
was established between 108th and 146th blow. For one mix, 
the locking point was higher than 150 blows. 

• The locking points obtained from the Superpave Gyratory com¬ 
pactor confirmed the results obtained with the impact hammer, 
and the linear relation could be established. 
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• In this study, mixtures with different properties and materials 
were evaluated and compared. Further study is needed to eval¬ 
uate and compare mixtures with limited number of variables 
that can affect locking point. 
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